Proteus mirabilis is frequently associated with complicated urinary tract infections (UTI). It is proposed that several virulence factors are associated with P. mirabilis uropathogenicity. The aim of this work was to elucidate genotoxic and cytotoxic effects mediated by MR/P fimbriae and flagella in eukaryotic cells in vitro. Two cell lines (kidney-and bladder-derived) were infected with a clinical wild-type P. mirabilis strain and an MR/P and a flagellar mutant. We evaluated adhesion, genotoxicity and cytotoxicity by microscopy, comet assay and triple staining technique, respectively. Mutant strains displayed lower adhesion rates than the P. mirabilis wild-type strain and were significantly less effective to induce genotoxic and cytotoxic effects compared to the wild type. We report for the first time that P. mirabilis MR/P fimbriae and flagella mediate genotoxic and cytotoxic effects on eukaryotic cells, at least in in vitro conditions. These results could contribute to design new strategies for the control of UTI.
Proteus mirabilis is an important cause of opportunistic and nosocomial urinary tract infections (UTI) (Stamm, Martin and Benett 1977) . It has a particular affinity for the upper urinary tract, where it can cause severe renal damage (Senior 1978) . It is likely that virulence in P. mirabilis is multifactorial, and several virulence attributes are required before UTI is established (Nielubowicz and Mobley 2010) . Adhesion to the host cells is considered a main pathogenicity mechanism of uropathogens and the first step in order to establish an infection (Alamuri et al. 2010) . P. mirabilis genome sequence has revealed 17 potential fimbriae operons (Pearson et al. 2008) , so far the highest number found in any sequenced bacteria. Among these, Mannoseresistant Proteus-like (MR/P) fimbria is the most extensively studied of these organelles and contributes to virulence mediating adhesion to uroepithelial mucosal cells and to exfoliated urinary cells (Rocha et al. 2007; Pearson et al. 2011) . However, cytotoxic and genotoxic effects of MR/P fimbriae in eukaryotic cells have not been assessed so far. One distinctive characteristic of P. mirabilis is swarming motility mediated by flagella (Rather 2005) . Flagella provide motility to bacteria and may be relevant in bacterial pathogenicity acting as adhesins, promoting biofilm formation, translocating virulence proteins or triggering host proinflammatory responses among other functions (Duan et al. 2012) . A relevant immune defense mechanism of multicellular organisms is to sacrifice infected cells for the benefit of remaining ones (Ashida et al. 2011) . In response to bacterial infection, apoptosis is usually induced and exfoliated bladder cells along with associated bacteria are often found in the urine of patients (Mulvey et al. 1998 ). Moreover, cell exfoliation occurs via an apoptosis-like mechanism involving host DNA fragmentation and the activation of proteolytic enzymes-like caspases (Mulvey et al. 1998) . So far, it is not known if P. mirabilis induces cell death or if fimbriae or flagella have a role in apoptosis.
The aim of this study was to elucidate the role of P. mirabilis MR/P fimbriae and flagella in adhesion, genotoxicity and cytotoxicity in in vitro models.
For the different assays, a uropathogenic P. mirabilis 2921 originally isolated from a patient with symptomatic UTI was used (Zunino et al. 2000) . A P. mirabilis 2921 isogenic non-flagellate mutant AF was generated in this study, while an MR/P isogenic mutant previously built by our group was also used (Zunino et al. 2001 ).
Adhesion and genotoxicity assays were performed using the human bladder T24 cell line (ATCC HTB-4 TM ) and African green monkey kidney Vero cell lines (ATCC CCL-81 TM ).
As P. mirabilis has the ability to adhere to glass (Schlapp et al. 2011) , we counted the number of bacteria (wild type Pr2921 and isogenic MR/P and flagellar mutants, MSD2 and AF, respectively) attached per cell at different time points (5, 10 and 15 min) by fixation of cells previously grown over coverslips, staining with methylene blue and visualization with an optical microscope.
Genotoxicity evaluation was performed using the comet assay (Hartmann et al. 2003) . The effect of bacterial infection was evaluated after 30 min of infection. The comet visualization and measures were made using the Comet Score TM software (Tritek, USA), and 100 cells by duplicate for each treatment were analyzed. To assess cytotoxicity, one replicate slide was removed from lysis after 1 h and neutralized without undergoing electrophoresis. Apoptosis was also evaluated by fluorescence staining after 30 min of infection (Proietti et al. 2001) .
Results showed that at 10 and 15 min both mutants exhibited a significant reduction in adhesion rates to Vero cells compared to the wild-type strain (P ≤ 0.05 in all cases) (Fig. 1A) . In the case of T24 cells, both mutants showed a lower adhesion rate per cell compared to P. mirabilis 2921 although differences were not significant (Fig. 1B) .
When genotoxicity was assessed as the percentage of DNA in comet tails (a measure of DNA damage), we observed that wildtype P. mirabilis 2921 produced a significant higher percentage of DNA in comet tails in T24 and Vero cells compared with controls (9.50 ± 4.27% and 12.05 ± 5.46%, respectively). Proteus mirabilis MSD2 did not induce significant increases of DNA in comet tails in T24 or Vero cells compared to the controls without added bacteria (Fig. 1C) while P. mirabilis AF induced a similar percentage of DNA in T24 cells comet tails compared to the wild-type Pr2921 (7.6 ± 2.11%), although in Vero cells this parameter was significantly lower than that induced by Pr2921, resulting even similar to values found in Vero cells without added bacteria (Fig. 1C) .
Wild-type P. mirabilis 2921 induced a significant increase in apoptotic Vero cells compared with the controls without added bacteria. Apoptosis induction by MSD2 mutant in Vero cells significantly decreased compared to the wild type and even to the AF mutant. Also, when this cell line was used, apoptosis induced by AF decreased compared to the wild type although differences were not significant (P > 0.05) (Fig 1D) .
When apoptosis was assessed in T24 cultured cells, all the strains exerted a significant increase compared to control cells without added bacteria, although no significant differences were found between the wild type and both mutants (Fig. 1D) .
In this study, P. mirabilis MR/P fimbriae-mediated adhesion was confirmed according to previous reports (Rocha et al. 2007 ). However, we report for the first time that flagella have a role in P. mirabilis adhesion, like it happens in the case of other pathogens (Duan et al. 2012) .
The absence of MR/P fimbriae or flagella strongly reduced Vero cells genetic damage compared with the wild type while when T24 cells were used, only MR/P fimbriae appeared clearly associated to genetic damage. These results are in accordance with the findings of Prorok-Hamon et al. (2014) who recently reported that E coli expresses different genes that confer properties relevant in genotoxicity. Cytotoxicity values revealed that P. mirabilis 2921 induced a significant percentage of cell death in T24 and Vero cells, results that are in agreement with apoptosis induction assessed by fluorescence staining.
We also report for the first time that P. mirabilis is able to induce apoptosis in eukaryotic cells. In UTI caused by UPEC, urothelium apoptosis is considered an important event in pathogenesis. Mulvey, Schilling and Hultgren (2001) have observed that inhibition of apoptosis reduces the elimination of infection caused by UPEC NU14, suggesting that apoptosis is a defense mechanism in order to promote pathogen elimination (Mulvey, Schilling and Hultgren 2001) . However, bacteria may benefit from apoptosis as they gain access to internal tissue layers establishing bacterial reservoirs (Mysorekar, Mulvey and Hultgren 2002) . Here, we proved that the absence of MR/P fimbriae and flagella significantly diminished apoptosis of uroepithelial cells. Chang et al. (2014) have recently proved that Pseudomonas aeruginosa fimbriae also may activate uroepithelial cells apoptosis signaling pathways (Chang et al. 2014) . Therefore, a role exerted by P. mirabilis MR/P fimbriae and flagella in activation of different signal-transduction pathways must be taken into account. Also, the contribution of adhesion mediated by P. mirabilis MR/P fimbriae and flagella in cellular apoptosis or genotoxicity must not be ruled out. For example, P. aeruginosa seems to induce apoptosis through direct interaction with the host cells (Broquet and Asehnoune 2015) .
We can conclude that P. mirabilis MR/P fimbriae and flagella are important virulence factors involved in adherence, genotoxicity and cytotoxicity. The study of cellular receptors will bring new insights to these mechanisms and will allow us to establish better strategies to prevent UTI.
